Epilepsy surgery that eliminates the epileptogenic focus or disconnects the epileptic network has the potential to significantly improve seizure control in patients with medically intractable epilepsy. Magnetic resonance-guided laser interstitial thermal therapy (MRgLITT) has been an established option for epilepsy surgery since the US Food and Drug Administration cleared the use of MRgLITT in neurosurgery in 2007. MRgLITT is an ablative stereotactic procedure utilizing heat that is converted from laser energy, and the temperature of the tissue is monitored in real-time by MR thermography. Real-time quantitative thermal monitoring enables titration of laser energy for cellular injury, and it also estimates the extent of tissue damage. MRgLITT is applicable for lesion ablation in cases that the epileptogenic foci are localized and/or deep-seated such as in the mesial temporal lobe epilepsy and hypothalamic hamartoma. Seizure-free outcomes after MRgLITT are comparable to those of open surgery in well-selected patients such as those with mesial temporal sclerosis. Particularly in patients with hypothalamic hamartoma. In addition, MRgLITT can also be applied to ablate multiple discrete lesions of focal cortical dysplasia and tuberous sclerosis complex without the need for multiple craniotomies, as well as disconnection surgery such as corpus callosotomy. Careful planning of the target, the optimal trajectory of the laser probe, and the appropriate parameters for energy delivery are paramount to improve the seizure outcome and to reduce the complication caused by the thermal damage to the surrounding critical structures.
INTRODUCTION
Epilepsy is a serious disabling neurological disorder affecting approximately 0.5-1% of the world's population, and seizures in one-third of the patients are refractory to medications despite a combination of at least two adequate anti-seizure drugs 10, 23, 24) . In these medically intractable patients, epilepsy surgery that eliminates the epileptogenic focus or disconnects the epileptic network has the potential to significantly improve seizure control in terms of frequency and severity and even enable the patients to achieve seizure freedom 5) . However, due to inadequate referral patterns and the erroneous per-https://doi.org/10.3340/jkns.2019.0105
ception that "open" surgery may have substantial perioperative morbidity and potential neuropsychological deficit, surgery for epilepsy has been underutilized in patients who may have benefits from it. As part of an effort to develop minimally invasive surgical techniques with a potentially improved safety profile, magnetic resonance-guided laser interstitial thermal therapy (MRgLITT) has emerged as a viable treatment option for some patients with medically refractory epilepsy. MRgLITT is an ablative stereotactic procedure utilizing heat that is converted from laser energy, and the temperature of the tissue is monitored in real-time by MR thermography. It is now an established option for epilepsy surgery since the US Food and Drug Administration cleared the use of MRgLITT in neurosurgery in 2007 5, 12, 25) . Here, we give an overview of the use of MRgLITT in epilepsy, compare the seizure outcome and complications between traditional open surgery and MRgLITT, and discuss important technical considerations.
MR-GUIDED LASER ABLATION SYSTEM
An MRgLITT system consists of a MR-compatible laser used in conjunction with MR thermography which allows for real-time thermal imaging of tissue ablation around the laser tip. Thermal energy delivered by LITT causes protein denaturation and cell death. The laser probe is a flexible catheter with a light-emitting tip and is covered with a cooling sheath. It is inserted directly into the targeted tissue using standard stereotactic procedures. Briefly the process of MRgLITT is as follows (Fig. 1) : first, a stereotactic frame or equivalent is applied to the patient's head and appropriate imaging is acquired for trajectory and ablation planning. In the operative environment, using a stereotactic device-fitted twisted drill, an MRcompatible bone anchor is positioned at the pre-planned entry point co-axial with the pre-planned trajectory to the target. If needed the patient is then transferred to the MR environment and the laser with variable diameter and type of cooling unit according to different manufacturers is inserted through the bone anchor and passed to the target. With the laser applica- Fig. 1 . Schematic illustration showing the workflow of the magnetic resonance-guided laser interstitial thermal therapy 5, 14) . tor being secured to the bone anchor, new MR scans are obtained to confirm the location of the laser probe. If the location is unsatisfactory, the optical fiber can be repositioned at this stage 3, 5, 14) . The laser applicator is connected to a laser energy source and a cooling system that helps to cool the laser probe and the surrounding tissue. Visualase® (Medtronic Inc., Lewiston, CO, USA) uses sterile room temperature saline circulating inside the sheath to cool the optical fiber, while the NeuroBlate® System (Monteris Medical, Winnipeg, Canada) cools the laser tip with pressurized CO 2 . The advantages of the MRgLITT system are first that the ablation procedure is guided by MR imaging, which verifies laser position and extent of ablation zone. Secondly, real-time quantitative thermal monitoring using MR thermography enables titration of laser energy for cellular injury, and it also estimates the extent of tissue damage. Using these prediction models, if the temperature of the surrounding tissue in "no-go" zones is predicted to exceed a predefined temperature limit, the laser may be deactivated, and thus allow for safe control of the ablation process. In general, the temperature limit in the target tissue around the laser probe is designed below 90℃, while those of tissue at the borders of the desired ablation zone or critical structures are set below 48-50℃ 35) . The temperature at the edge of the ablation zone falls off sharply and thus is generally considered safe if the interface between the ablation zone and the surrounding tissues is more than 1 mm 12, 28) . If "heat sinks" such as large blood vessels and cerebrospinal fluid (CSF) spaces are in the vicinity of the target, the risk of thermal damage to the adjacent critical tissue is further reduced 12) . "Heat sinks" can also make it challenging to obtain adequate rise in temperature of the intended target. Immediately after LITT, additional MR imaging is obtained to review the treated area. If satisfactory, the laser is removed, and the incisions are closed. This series of procedures is possible through local anesthesia and light sedation, although most centers perform this procedure under general anesthesia. Recently, some authors have reported experience on MRgLITT in epilepsy patients using the ClearPoint® system (MRI Interventions, Inc., Irvine, CA, USA) that allows for the entire surgical procedure to be performed utilizing real-time MR guidance in the MR imaging suite by providing a frameless stereotactic platform 14, 26, 38) . This MR-guided frameless stereotactic platform is more time-efficient, reducing the mean anesthesia time by more than 100 minutes. However, the target error calculated by comparing the planned target to the actual position of the laser probe was reported ranging from 0.7 to 3.4 mm in the ClearPoint® system (MRI Interventions, Inc.). This level of accuracy is considered acceptable by some depending on the size of a target, but the accuracy of this frameless stereotactic platform needs to be further improved and verified so that the entire MRgLITT process can be performed more safely and reliably in the MR suite.
INDICATION
MRgLITT is a useful treatment option for lesion ablation in cases that the epileptogenic foci are localized and/or deepseated such as in the mesial temporal lobe epilepsy (MTLE) and hypothalamic hamartoma (HH). Also, in focal cortical dysplasia and tuberous sclerosis complex having multiple discrete lesions, MRgLITT is advantageous for ablating multiple lesions without the need for multiple craniotomies (Table 1) . In addition to lesionectomy, MRgLITT has also been applied to the disconnection surgery such as corpus callosotomy for medically refractory epilepsy. In general, MRgLITT may be considered for small lesions ≤2-3 cm, however, it may still be an option for large deep-seated lesions such as HH and lesions located in the insular lobe 12) . We focus on the use of MRgLITT in MTLE and HH patients to compare planning, considerations during procedure, and the seizure outcome between conventional open surgery and MRgLITT. Treatment outcomes of MRgLITT in other epilepsy diseases will also be briefly covered.
MESIAL TEMPORAL LOBE EPILEPSY
MTLE that originates in the hippocampus and/or amygdala is the most common epilepsy syndrome, affecting 27% of epilepsy patients, and is also the leading cause of medically refractory seizures 2, 9, 16) . In most MTLE patients (~70%), mesial temporal sclerosis (MTS) is observed on MR images 3, 9) , and the hippocampus is considered to be associated with the generation of epileptic discharge. MTLE can be treated surgically by resecting the epileptogenic focus, i.e., amygdala and hippocampus 9, 10, 36) . (ATL) consists of removal of variable amounts of the lateral temporal neocortex followed by resection of the amygdala and intraventricular hippocampal formation. Lateral temporal neocortex resection is usually performed 3.5 to 4 cm in length in the anterior-posterior direction from the temporal pole while preserving the superior temporal gyrus, and generally includes resection of the fusiform gyrus, which facilitates access to epileptogenic mesial temporal structures 8, 9) . The treatment outcome of ATL is so satisfactory that 60-80% of MTLE patients reach seizure freedom at 1-year postoperatively and a worthwhile improvement in seizure control is attainable in an overall 95% rate of patients 3, 18, 19) . However, conventional ATL whereby the optic radiation, temporal stem conveying language-related fasciculi, and fusiform and parahippocampal gyri are involved into resection, may cause some neurological sequelae such as visual field defect, language disturbance, and face recognition difficulties. Selective amygdalohippocampectomy (SAH) is performed by approaching the temporal horn of the lateral ventricle through the middle temporal gyrus and/or inferior temporal sulcus while sparing as much of the temporal neocortex as possible 8) . However, SAH also requires a process to resect a portion of the lateral temporal neocortex including the parahippocampal gyrus, which may contribute to neuropsychological sequelae 3, 8) . Transsylvian approach, in which the temporal horn of the lateral ventricle is accessed through the temporal stem after dissecting the Sylvian fissure, is known to result in neuropsychological outcomes similar to those of transcortical approach for SAH, while phonemic fluency was significantly better in transcortical approach than transsylvian SAH 30) . In contrast, MR-guided stereotactic laser amygdalohippocampotomy (SLAH) completely spares the neocortical structures and thus may mitigate the neuropsychological adverse effects 7, 8, 29, 39) . Drane et al. 8) recognition, respectively. The parieto-occipital region is generally selected as an entry point for SLAH when targeting the amygdala and the hippocampus (Fig. 2) 3)
. A trajectory is carefully planned so that the laser probe may pass through the long axis of the hippocampus and amygdala while avoiding the sulci and vasculature. Concerning the hippocampus, the head to the body posteriorly to the level of the tectal plate is ideally included in thermal ablation. Given that the residual mesial hippocampal head has been known to be associated with poor outcome in seizure control 18, 20, 38) , care should be taken in planning to ensure that the mesial temporal head is completely ablated. When the laser probe is placed too lateral within the hippocampal head, the mesial hippocampal head is likely to be untreated, while the optic radiation is subject to the thermal injury. On the other hand, a too medially located probe within the hippocampal head may induce thermal injury to the 3rd and 4th cranial nerves 3) . Therefore, it is crucial for the laser probe to be centered within the hippocampal head for both efficacy and safety in the axial plane. If necessary, re-ablation of residual tissue can be considered to achieve seizure freedom. Also, it is advisable to plan so that the trajectory does not pass with a steep angle in the sagittal plane. This steep trajectory may result in a probe tip which is placed too inferiorly resulting in incomplete ablation of the uncal apex and amygdala. For trajectories requiring the laser probe to pass through the ventricle, it is important to be aware that this may cause a deflection and resultant off-targeting 29) . Lastly, it is critical to plan that the probe does not pass too close to the lateral geniculate nucleus (LGN) to avoid the contralateral homonymous hemianopia caused by thermal injury to the
LGN. An ablation is created ranging from 5 to 20 mm in diameter at the distal most point of the trajectory, and 3-5 consecutive ablations are performed during the procedure while gradually withdrawing the laser fiber by 5-10 mm. The total ablation volume is calculated by MR thermography, and the laser energy should be delivered with lower intensity as the probe moves back to avoid possible injury to the optic radiation and LGN 3, 29) . Seizure-free outcome (Engel Class I) after MRgLITT for MTLE has been reported to be around 53 to 65% while higher seizure freedom is achievable in the setting of MTS up to 73% 13, 18, 27) . Although MRgLITT is not as beneficial with respect to seizure freedom when compared to rates provided by open surgery, in well-selected patients such as those with MTS, MRgLITT provides an excellent option for seizure control which is less invasive 13, 38) . The most common neurological deficit following MRgLITT is visual field defects, which occurs ranging from 5 to 29% of patients. The type of visual field defect is mostly contralateral partial superior homonymous quadrantanopia due to thermal injury of the posterior optic radiation 17, 38) . Notably, patients with less intervening choroid plexus and cerebrospinal fluid space within the choroidal fissure, which employ protective effect against thermal injury, are known to be at higher risk of LGN injury 17) . Other reported complications include headache, hematoma, and edema at the ablation site as well as transient cranial nerve palsies 20, 25, 38) . However, the incidence of hemorrhage after MRgLITT is reported to be low (4%) 3) . In addition, with appropriate perioperative treatment with dexamethasone, the risk of severe edema that may occur following thermal ablation may be mitigated.
HYPOTHALAMIC HAMARTOMA
HH is a non-neoplastic congenital malformation that develops in and/or around the hypothalamus between the infundibular recess and the mammillary bodies 22) . Symptoms usually occur during early childhood. There are two clinical phenotypes depending on the attachment location of HH in the hypothalamus : if the HH arises in the region of the tuber cinereum or pituitary stalk, central precocious puberty develops and epilepsy is not usually associated with this. On the other hand, when the HH develops in the posterior region of the hypothalamus, in the region of the mammillary bodies, it results in gelastic seizure and secondary epilepsy with several neuropsychiatric symptoms such as developmental delay, cognitive deficit, and rage behavior. If the lesion is large enough to be broadly attached to both anterior and posterior regions of the hypothalamus, the patients can present with both epilepsy and precocious puberty. Epilepsy related to HH are mostly intractable to medical treatment 4, 21) , and endoscopic resection and/or disconnection of HH has been preferred to open surgery as a surgical approach to HH, given the complexity of the open surgical approach to HH and the relatively high rates of complication. Endoscopic surgery accesses to HH through the ventricle, and disconnection is achieved by coagulating the border between hamartoma and hypothalamus using a monopolar coagulator or fiberoptic electrode of the laser. Seizure freedom rate after endoscopic dissection was reported ranging from 50 to 60% with reduction in seizure frequency 50% in over 90% of patients 31, 33, 34) . Inadvertent handling of the endoscope can cause injury to the fornix, optic apparatus, or hypothalamus 34) . Moreover, endoscopic surgery requires a learning curve to acquire competency to manage challenging cases, and the frequent blurring of the lens during the surgery is cumbersome. Permanent memory loss after endoscopic dissection of HH was reported to be less than 10% 31, 33, 34) . On the other hand, MRgLITT has become an effective and safe alternative to open and/or endoscopic surgery for HH 1, 32, 37) . Indeed, HH is the most frequent indication (64.2%) for MRgLITT in pediatric epilepsy 15) . MR guided stereotactic procedure allows better access to the deep-seated hamartoma, without the need for any mechanical manipulation of critical structures, particularly fornices, and MR thermography provides sophisticated visualization of the border between the HH and the surrounding hypothalamus. The goal of the MRgLITT for HH is to completely disconnect HH from the hypothalamus and mammillothalamic tract rather than thermal coagulation of the entire mass. The therapeutic effect usually occurs immediately after the procedure 15) . Curry et al. 6) reported 93% freedom rate from gelastic seizures at 1 year after MRgLITT in 71 HH pediatric patients. This is a superior outcome compared to those of open or endoscopic surgery 37) . Complications usually occur secondary to the thermal damage of the surrounding tissues, which includes memory impairment due to the injury of mammillary bodies, fornix, or mammillothalamic tract, as well as diabetes insipidus 6, 15) . However, these complications occur far less than any other open surgical technique. Setting a low-limit threshold for the critical structures will help prevent those complications, and Curry et al. 6) have recommended a low-temperature limit of 48℃. Meanwhile, stereotactic radiofrequency ablation is another less invasive ablative technique that can be performed under imaging guidance 25) . However, in the radiofrequency system, the extent of ablation per one treatment session is much less compared to the MRgLITT system, thus multiple probe passes are needed. In addition, a lack of real-time feedback of the radiofrequency system on the extent of tissue ablation may cause imprecisely controlled energy delivery to the tissue, risking thermal injury to the critical surrounding structures.
SUMMARY
MRgLITT is a minimally invasive stereotactic procedure that ablates the epileptogenic foci using heat converted from the laser energy in conjunction with real time MR thermography showing a visualization of a tissue ablation zone. This enables precise energy titration, and it has become an established safe and effective alternative to open surgery for epilepsy pa-tients 14) . Particularly, MRgLITT may be considered as a firstline surgical option in pediatric patients with a deep-seated HH, as it decreases the surgical morbidities and neurological deficits compared to the open surgery while yielding a superb seizure freedom rate. MRgLITT is also worth considering as a surgical option in patients with MTLE, as it offers favorable seizure outcomes comparable to open surgery and potentially reduces neuropsychologic complications. A small incision, fast recovery, short hospital stay are appealing advantages of MRgLITT from a patient perspective, especially in pediatric patients with medically intractable lesional epilepsy 12) . It is important in such cases that as part of the informed consent process the patient understands that MRgLITT outcomes may be inferior for MTLE when compared with open surgery. It is possible however to consider open surgery after failed MRgLITT or consider MRgLITT to address residual hippocampus in the case of delayed seizure recurrence following open surgery. Careful planning of the target, the trajectory of the laser probe, and the parameters for energy delivery are essential to improve the seizure outcome and to reduce the complication caused by the thermal damage to the surrounding critical structures. However, there is still no established standard for the appropriate unit thermal energy per unit volume of ablation of tissue, and further research is needed to define it and set the parameters to deliver adequate laser energy to the tissues.
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